Serine racemase (SR) is an enzyme that catalyses the synthesis of D-serine, an endogenous coagonist for N-methyl-D-aspartate (NMDA)-type glutamate receptor in the central nervous system. Our previous study demonstrated that SR was expressed in the epidermis of wild-type (WT) mice but not in SR knockout (KO) mice. In addition, SR immune-reactivity was only found in the granular and cornified layers of the epidermis in WT mice. These findings suggested that SR is involved in the differentiation of epidermal keratinocytes and the formation of the skin barrier.
| INTRODUCTION
In the central nervous system (CNS), D-serine, an endogenous coagonist for N-methyl-D-aspartate (NMDA)-type glutamate receptor, is catalysed by the biosynthetic enzyme serine racemase (SR), which is involved in the conversion of L-serine into D-serine.
1 NMDA receptor is an ionotropic glutamate receptor, which plays a major role in the CNS. Its activation is regulated by excitatory neurotransmitter, glutamate, to perform essential functions responsible in controlling synaptic plasticity in the course of learning and memory formation.
2,3 D-
Serine, an endogenous NMDA receptor coagonist, is widely distributed in the CNS and thought to potentiate the activity of NMDA
----------------------------------------------------------------------------------------------------------------------------------------------------------------------
receptor. Indeed, its depletion can inhibit NMDA receptor-mediated neurotransmission. [4] [5] [6] The immune cells and keratinocytes are reported to be directly affected by psychological factor-induced biochemical changes in the brain and peripheral nervous system. 7 Recent studies have shown that the NMDA receptor is expressed in the human epidermis in addition to the CNS, and the activation of the NMDA receptor was found to inhibit the process of re-epithelization. 8, 9 It has been shown that amyloid b peptide (Ab) and lipopolysaccharide stimulation can induce the expression of SR from microglia. It was noted that the elevation of SR is linked to the increases in the steady-state level of SR mRNA. 10, 11 In addition, SR expression was also reported in peripheral nerve-derived Schwann cells and fibroblasts. 12 These findings suggest that the induction of SR expression following pro-inflammatory stimulation highlights the important connection between neuro-inflammation and excitotoxicity. 10, 11 Atopic dermatitis (AD) is a chronic inflammatory disease of skin, characterized by infiltration of inflammatory cells, itching, and a clinical course representative of symptomatic flares and remissions. While the exact underlying mechanism in AD pathogenesis remains elusive, the clinical presentation of AD has occasionally been linked to psychological factors. Our previous study postulated SR protein localization in the granular and cornified epidermal layer of mice and its presence in keratinocytes. 13 However, the role of the SR in the inflammatory phase in AD remains elusive. Therefore, we examined the expression of SR in AD patients' skin and its association with inflammatory cytokines.
| MATERIALS AND METHODS

| Reagents
A keratinocyte growth medium (KGM) was purchased from Kurabo 2.3 | Tape-stripping of the stratum corneum Tape-stripping method was employed to obtain samples from stratum corneum (SC) using skin tape (Harney Layer Checker; Asahi Biomed, Tokyo, Japan). The tape was placed over a skin lesion on AD patients' cheeks as ultraviolet (UV) exposed area or upper arms as UV un-exposed area and carefully pressed with a finger before being pulled away. Similarly, control SC samples were taken from a nearby area of uninvolved skin in AD patients as well as from healthy individuals. The SC samples were extracted from the tape strips by ultrasonication with 500 lL of PBS (phosphate-buffered saline) containing 0.05% Tween 20. After mixing in a vortex mixer, the extract aliquots were placed into vials and stored at À80°C.
| Measurement of D-serine and L-serine
Reverse-phase high-performance liquid chromatography (HPLC) was used to separate and detect D-serine and L-serine in samples. 
| Cell culture and treatments
Normal human epidermal keratinocytes (NHKs; Kurabo Industries
Ltd.) were cultured in KGM containing epidermal growth factor (0.1 ng/mL), insulin (5 and 10 lg/mL), hydrocortisone (0.5 lg/mL), bovine pituitary extract (0.4%), gentamicin (50 lg/mL), and amphotericin B (50 ng/mL) at 37°C in 5% CO 2 in air. All experiments were carried out on cells at the third or fourth passages, when cells reached to 90% confluency, they were subjected to analysis. The concentration of cytokines in keratinocytes stimulation experiments was decided based on their basal circulating level according to our previous study. MIF basal circulating levels are 1000-fold higher than other cytokines. In the relevant experiments, IL-4 (0-1000 pg/mL), IL-5 (0-1000 pg/mL), TNF-a (0-1000 pg/mL), IL-1b (0-1000 pg/mL), or MIF (0-100 ng/mL) was added. Our preliminary experiments showed no toxicity for keratinocytes at each concentration of cytokines. Samples were obtained 48 hours after an addition of cytokines.
| Western blot analyses
The human skin specimens were homogenized using a Polytron homogenizer (Kinematica, Lausanne, Switzerland). After homogenization, skin or cells were collected and rinsed in cold PBS, and then lyses were performed in RIPA buffer for 10 minutes. Following brief sonication, the cell lysates were centrifuged at a speed of 13 200 g for 10 minutes at 4°C. 
| Statistical analysis
The statistical differences between the test and control groups were analysed using either Student's t test or one-way analysis of variance. Data are shown as the means AE standard deviation (SD). UV exposure in a production of L-serine or D-serine, the stratum corneum samples were obtained both from AD patient's cheek as UV exposed area and from upper arm as UV un-exposed area. The results
showed that the L-serine content in AD-involved and uninvolved skin samples was significantly lower than that in healthy control samples (P < .005 vs P < .001 for cheek samples and P < .001 for upper arm samples), while the D-serine content was significantly higher than that in healthy control samples (P < .05 vs P < .01 for both the cheek and the upper arm). In addition, cheek and upper arm samples from AD skin also showed significantly higher D-form ratios than did healthy control (P < .005, P < .001, and P < .05, respectively) ( Figure 1 ). 
| SR expression in the epidermis
| DISCUSSION
Skin, the outermost layer of the body, is continuously exposed to environmental stresses. Skin is also supplied by a cutaneous network of YOSHIHISA ET AL. receptor coagonist in the CNS. [4] [5] [6] Recent study has shown that the NMDA receptor is expressed in the epidermis of human skin, and the activation of the NMDA receptor was found to influence the keratinocyte proliferation, differentiation, and migration during epithelization. 9 The exact function of D-serine in keratinocytes remains elusive; however, we suggest that D-serine might act as a coagonist of the NMDA receptor in human keratinocytes.
We next examined the relationship between inflammatory cytokines and the SR expression using cultured keratinocytes. The SR expression was found to be increased following stimulation with MIF and TNF-a, with the increase observed after MIF treatment being more profound. In AD skin lesions, inflammatory cytokines and growth factors, like IL-4, IL-5, IL-6, TNF-a, and granulocyte macrophage colony-stimulating factor, have been reported to be produced and associated with the pathogenesis of AD. 18 In addition, our previous studies found that the expression of MIF was increased in AD patients' skin keratinocytes 19 and peripheral blood mononuclear cells. 20 Furthermore, we previously demonstrated that the MIF level in the SC samples obtained from the cheek, neck, and upper arm areas of the involved skin of AD patients was closely associated with the lesion severity. 21 Therefore, the findings of the present study suggest a positive correlation between the MIF and SR expression. Given these findings, we suggested that inflammatory cytokines, specifically MIF, might induce SR expression in the involved skin of AD patients.
We recently showed that SR protein is present in the epidermis of WT mice but not in the SR knockout (KO) mice and described a mechanism for L-serine to D-serine conversion in epidermal | 3137 keratinocytes, suggesting the role of SR in epidermal keratinocytes differentiation and skin barrier formation. 13 Considering the findings of our previous study, we expected that the D-serine content would be decreased because of AD-induced skin barrier disruption. However, in contrast, this study showed increased D-serine content in AD patients' involved skin samples. The reason for this is that in our previous study, the experiments were performed using SR KO mice; therefore, a similar role of SR in human skin cannot be expected because of species differences between humans and mice, which will need to be evaluated in future studies.
In conclusion, the result presented in this study showed that Dserine levels in SC in the cheek and upper arm skin were positively related to the local skin lesion. In addition, SR expression in ADinvolved skin is associated with inflammatory cytokines especially MIF. Therefore, it can be speculated that detection of D-serine in combination with MIF in SC would become an effective strategy to assess the local skin lesion in AD patients. Although SR and D-serine exact function in human skin still awaits further investigation, however, their roles in skin inflammation are not negligible. In future, development of agents blocking D-serine production might be beneficial to control inflammation in AD patients.
